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Roots and tubers are the most important food crops of very ancient origin in the tropics and subtropics, associated with the human existence, survival, and their socio-economic history. White yam (Dioscorea rotundata Poir.) is one of the important edible tuber crops cultivated in India and many other tropical countries including Africa. Yams are a valuable source of carbohydrates, fibres, and low level fats, which makes them a good dietary source . Yams also have medicinal properties. Several species of Dioscorea are amongst the principle sources of diosgenin, which can be converted to medicinally important steroids (Jaleel et al. 2007a) .
The manipulation of the crop production with chemicals is one of the most important advancements achieved in agriculture. The tuber yields and qualities of the crop plants can be increased by the application of biofertilisers and plant growth regulators (Jaleel et al. 2007b, c) . Triazoles are a group of compounds, which have fungicidal as well as plant growth regulatory properties ( Jaleel et al. 2006a, b) . Triazole compounds induce a variety of morphological and biochemical responses in plants including the retardation of shoot growth, stimulation of rooting, inhibition of gibberellin biosynthesis and increases in cytokinin and abscisic acid (Jaleel et al. 2007d ). Triazole compounds have been shown to improve the yields of many root crops such as yam, carrot, tapioca, and Chinese potato (Kishorekumar et al. 2006 Gopi et al. 2007; Jaleel et al. 2007b, c, e; Manivannan et al. 2007) . Triazoles inhibit cytochrome P-450 mediated oxidative demethylation reaction, which is necessary for the synthesis of ergosterol and the conversion of kaurene to kaurenoic acid in the gib-berellin biosynthetic pathway and can affect the isoprenoid pathway and alter the levels of certain plant hormones by inhibiting gibberellin synthesis, reducing ethylene evolution and increasing cytokinin levels . These qualities make them ideal for use in the edible root tuber cultivation. Some of the previous works carried out in our lab revealed the morphological and physiological changes associated with the triazole treatment in various plants, including the inhibition of the plant growth, decreased internodal elongation, increased chlorophyll levels, enlarged chloroplasts, thicker leaf tissue, increased root to shoot ratio, increased antioxidant potentials, and an enhancement in alkaloid production (Jaleel et al. 2006a (Jaleel et al. , b, 2007a ).
Carotenoids are a large class of isoprenoid molecules that are synthesised de novo by all photosynthetic and many non-photosynthetic organisms. The colours provided by these pigments are of an important agronomical value in horticultural crops (Naik et al. 2003) . Anthocyanin pigments are widespread in the plant kingdom and provide many of the orange, red, and blue colours found in fruits, vegetables, flowers, leaves, roots, and other storage organs (Sudha & Ravishankar 2003) . The role of proline in plants is related to the survival rather than to the maintenance of growth (Jaleel et al. 2007h) . Electrolyte leakage is a common indicator of the membrane damage and this leakage is closely related to the loss of water potential (Iswari & Palta 1989) . Cellular damage or oxidative injury arising from free radicals or reactive oxygen species (ROS) now appears to be the fundamental mechanism underlying a number of human diseases (Jaleel et al. 2007i) . Free radicals can be scavenged through chemoprevention utilising natural antioxidant compounds present in foods and medicinal plants ( Jaleel et al. 2007j) . Ascorbic acid (AA) is a very important reducing substrate for H 2 O 2 detoxification in photosynthetic organisms (Jaleel et al. 2007k) . Reduced glutathione (GSH) is another most important non-enzymatic antioxidant molecule that functions as an effective ROS detoxifier ( Jaleel et al. 2007l) . α-Tocopherol (α-toc) was consumed predominantly as a radical scavenging antioxidant (Manivannan et al. 2008) .
Many works have already been covered in different aspects of this plant Jaleel et al. 2007a-c) . But little attention has been drawn to the changes in tuber quality in terms of pigments, biochemicals, membrane integrity and antioxidant potentials in white yam under fungicide applications. The application of fungicides is a common practice in the cultivation of this plant. It is therefore seems important to test the changes that occur in this food crop under triazole treatment in order to identify the extent to which it tolerates the fungicide application and thereby makes it an economical food crop. Therefore, the present investigation has been carried out with an objective of evaluating the effect of triazole compounds like triadimefon (TDM) and hexaconazole (HEX) on pigments (chlorophylls, carotenoids, anthocyanin, xanthophylls), biochemical contents (proline, total phenol), membrane integrity (electrolytic leakage, lipid peroxidation), and antioxidant potential (ascorbic acid, reduced glutathione, ∞-tocopherol) of D. rotundata under field conditions.
MATERIALS AND METHODS
Plant material and triazole treatments. Tubers of Dioscorea rotundata (family Dioscoreacae) cv. Sree Priya were obtained from the Central Tuber Crop Research Institute (CTCRI), Kerala, India, and planted in the Botanical Garden of Annamalai University. The concentrations of 5 mg/l to 25 mg/l at 5 mg/l increments were tested initially for the growth and dry weight increase in white yam. Among these concentrations, 15 mg/l TDM and 10 mg/l HEX were found to increase the dry weight significantly while higher concentrations slightly decreased the growth and dry weight and increased leaf curling, consequently, 15 mg/l TDM and 10 mg/l HEX were used for the treatments. The treatments were applied by soil drenching on 40, 55, 70, and 85 days after planting (DAP). The plants were uprooted randomly on 45, 60, 75, and 90 DAP for analysing the pigment composition, membrane integrity, biochemical contents, and antioxidant potentials.
Estimation of chlorophyll and carotenoid contents. Chlorophyll and carotenoids were extracted from the leaves and estimated by the method of Arnon (1949) . Five hundred milligrams of fresh leaf material was ground with 10 ml of 80% acetone at 4°C and centrifuged at 2500 rpm for 10 min at 4°C. This procedure was repeated until the residue became colourless. The extract was transferred to a graduated tube and made up to 10 ml with 80% acetone and assayed immediately.
Three-milliliter aliquots of the extract were transferred to a cuvette and the absorbance was read at 645, 663, and 480 nm with a spectrophotometer (U-2001-Hitachi) against 80% acetone as blank. The chlorophyll content was calculated using the formula of Arnon (given below) and expressed in milligrams per gram fresh weight. The carotenoid content was estimated using the formula of Kirk and Allen (1965) Estimation of anthocyanin content. Anthocyanin was extracted and estimated by the method of Kim et al. (2002) . Using a pestle and mortar, five hundred mg of fresh tissue taken from the third leaf and from the periphery of the tuber tissue (0.5 cm from the epidermis and 1 cm from the head of the root tuber) was ground in liquid nitrogen and extracted with 20 ml of 50% acetic acid overnight. The homogenate was centrifuged at 19 000 g for 15 minutes. The resultant supernatant was made up to 20 ml and 80 ml of McIIvaine's buffer (pH 3.0) was added and the absorption was measured at 530 nm in a spectrophotometer (U-2001-Hitachi) .
Estimation of xanthophyll content. The xanthophyll contents were estimated by the method of Neogy et al. (2001) . Five hundred mg of fresh weight of tissues taken from the 3 rd leaf and periphery of the tuber were used for the assay. The tissue was ground with 10 ml of 80% acetone at 4°C using a pestle and a mortar and centrifuged at 1000 rpm for 15 minutes. The residue was reextracted with 80% acetone until the colour completely disappeared from the residue. The aqueous acetone extract was shaken thrice with an equal volume of hexane in a separating funnel and the combined hexane fractions were washed with equal volumes of water. To separate xanthophylls from carotenes, the hexane fraction containing carotenoid was extracted repeatedly with 90% methanol. The methanol fraction containing xanthophylls was measured for absorbance at 450 nm in a spectrophotometer.
Estimation of proline content. The PRO content was estimated by the method of Bates et al. (1973) . The plant material was homogenised in 3% aqueous sulfosalicylic acid and the homogenate was centrifuged at 10 000 rpm. The supernatant was used for the estimation of the PRO content. The reaction mixture consisted of 2 ml of acid ninhydrin and 2 ml of glacial acetic acid, and was boiled at 100°C for 1 hour. After the termination of the reaction in an ice bath, the reaction mixture was extracted with 4 ml of toluene and the absorbance was read at 520 nm.
Estimation of total phenols content. Total phenol was estimated by the method of Malick and Singh (1980) . 500 mg of fresh plant tissue was ground using a pestle and a mortar with 10 ml of 80% ethanol. The homogenate was centrifuged at 10 000 rpm for 20 minutes. The supernatant was evaporated to dryness. The residue was dissolved in 5 ml of distilled water and used as the extract. To 2 ml of the extract, 0.5 ml of FolinCiocalteau reagent was added. After 3 min, 2 ml of 20% Na 2 CO 3 solution was mixed in throughly. The mixture was kept in boiling water for exactly 1 min and after cooling the absorbance was read at 650 nm. The total phenol was determined using a standard curve prepared with different concentrations of gallic acid.
Measurement of electrolyte leakage. Leaf and tuber tissues electrolyte leakage was measured. One gram of tissue was cut into two-centimeter segments, rinsed in distilled water to remove the contents of cut cells, and placed in a test tube containing 15 ml of double distilled water at 24°C for 12 hours. The electrical conductivity of the solution in the tube was determined using a conductivity meter. The tube was then placed in a boiling water bath for 20 min after which it was cooled to 24°C and the electrical conductivity was measured. The percentage leakiness of the tissue was calculated as the ratio of the conductivity after 12 h to the conductivity after boiling (Pinhero & Fletcher 1994) .
Measurement of lipid peroxidation. Peroxidation of the membrane lipids was assayed by the method of Heath & Packer (1968) . The degradation of malonaldialdehyde (MDA) is a product of peroxidised lipids. The estimation of MDA can account for the lipid peroxidation. MDA reacts with thiobarbituric acid (TBA) to form TBA-MDA chromophore proportional to the extent of peroxidation of lipids.Using a pestle and a mortar, 0.3 g of fresh tissue was homogenised in 5 ml of 0.1% trichloroacetic acid (TCA). The homogenate was centrifuged at 10 000 g for 5 minutes. Then 1 ml of supernatant was added to 4 ml of the reaction solution containing 0.5% TBA in 20% TCA and the mixture was incubated at 95°C for 30 minutes. The solution was allowed to cool and was then centrifuged at 1000 rpm for 2 min to remove the protein precipitated by TCA. The absorbance was read at 532 nm and adjusted for non-specific absorbance at 600 nm. MDA was estimated using the extinction coefficient of 155 ml/cm.
Estimation of ascorbic acid content. AA content was assayed as described by Omaye et al. (1979) . The extract was prepared by grinding 1 g of fresh material with 5 ml of 10% TCA, centrifuged at 3500 rpm for 20 min, re-extracted twice, and the supernatant was made up to 10 ml and used for assay. To 0.5 ml of the extract, 1 ml of DTC reagent (2,4-dinitrophenyl hydrazine-thiourea-CuSO 4 reagent) was added, the mixture was incubated at 37°C for 3 h and then 0.75 ml of ice-cold 65% H 2 SO 4 was added. The solution was allowed to stand at 30°C for 30 min, the resulting colour was read at 520 nm in a spectrophotometer. The AA content was determined using a standard curve prepared with AA.
Estimation of reduced glutathione content. The GSH content was assayed as described by Griffith and Meister (1979) . 200 mg of fresh material was ground with 2 ml of 2% metaphosphoric acid and centrifuged at 17 000 rpm for 10 minutes.
The following addition of 0.6 ml 10% sodium citrate neutralised the supernatant. 1 ml of the assay mixture was prepared by adding 100 µl extract, 100 µl distilled water, 100 µl 5,5-dithio-bis-(2-nitrobenzoic acid), and 700 µl NADPH. The mixture was stabilised at 25°C for 3-4 minutes. Then 10 µl of glutathione reductase was added, and the absorbance was read at 412 nm in a spectrophotometer.
Estimation of α-tocopherol content. The α-toc content was assayed as described by Backer et al. (1980) . 500 mg of fresh tissue was homogenised with 10 ml of a mixture of petroleum ether and ethanol (2:1.6 v/v) and the extract was centrifuged at 10 000 rpm for 20 min, the supernatant was used for the estimation of α-toc. To one ml of the extract, 0.2 ml of 2% 2,2-dipyridyl in ethanol was added, the resulting solution was mixed thoroughly and kept in the dark for 5 min. The red coloured product was diluted with 4 ml of distilled water and mixed well. The resulting colour in the aqueous layer was measured at 520 nm. The α-toc content was calculated using a standard graph made with known amounts of α-toc.
Statistical analysis. Statistical analysis was performed using one way analysis of variance (ANOVA) followed by Duncan's Multiple Range Test (DMRT). The values are mean ± SD for six samples in each group. P values ≤ 0.05 were considered as significant.
RESULTS AND DISCUSSION
Under triazole treatments, increased chlorophyll contents were found in the leaves of yam plants at different growth stages when compared to those in untreated plants (Figure 1a ). There was no significant variation in the chlorophyll content within the triazole treated plants, however, the content was increased when compared to control. An increase in the chlorophyll contents was previously reported in TDM treated plants. The increase in the chlorophyll content due to the triazole treatment is attributed to the ability of triazoles to increase the cytokinin level and thereby the stimulation of the chlorophyll biosynthesis (Jaleel et al. 2007g, 2008b . The carotenoids content increased in the triazole treated yam plants when compared to control plants (Figure 2a) . Of the triazole treatments, the TDM treated plants showed higher carotenoid contents in tubers, whereas HEX proved to be best for anthocyanins (Figure 2c ). Triazole compounds lead to alterations in many of the plant metabolites and pigments (Jaleel et al. 2008a, b) . The treatment with ABA increased anthocyanin accumulation in strawberry fruits (Jiang & Joyce 2003) . Triazole induced a transient raise in ABA content and this increased ABA content induced by triazole might be the cause for the increased anthocyanin content (Gopi et al. 2007) . Triazole treated yam leaves showed increased xanthophyll contents at all stages of the growth (Figure 2b ). Xanthophyll participates in light harvesting in photosynthetic machinery and protects the photosynthetic apparatus from excessive light energy by quenching chlorophylls and singlet oxygen (Manivannan et al. , 2008 .
The proline content of yam shoots and tubers increased under the triazole treatments as compared to control. The HEX treatment resulted in higher amounts of proline when compared to the TDM treatment (Figure 3a ). Triazole induced a transient rise in the ABA content and this increased ABA content due to the triazole treatment could Figure 3b ) increased with the triazole treatment both in the shoot and the tuber at all stages of growth. Phenolics are oxidised to phenoxyl radicals ). This phenoxyl radical reduces the AA into monodehydroascorbate. Phenolic constituents of plants have an anti-oxidant activity and offer protection against oxidative damage (Rice-Evans et al. 1997) . The increased oxidation of phenolics due to the fungicide application may therefore contribute to the acceleration of the oxidative damage. Electrolyte leakage (Figure 4a ) and lipid peroxidation ( Figure 4b) were inhibited by the triazoles treatment in yam plants when compared to control. In the tuber tissues, the electrolyte leakage decrease due to the TDM and HEX treatments when compared to that in the untreated plants. Out of the triazoles used for the plant treatment, HEX performed best in decreasing the electrolyte leakage and lipid peroxidation when compared to TDM treated plants. The inhibition of electrolyte leakage and lipid peroxidation is in agreement with the proved ability of triazoles in maintaining the plant membrane integrity. Triazoles altered the sterol biosynthesis and changed the composition of sterol in the plasma membrane. The changes in the sterol composition may induce changes in the cell membrane that may be reflected in an increased membrane stability (Burden et al. 1987; Gomathinayagam et al. 2007) . TDM and HEX might have facilitated the increased membrane stability in yam due to the altered sterol composition, removal of damage area in the membrane, and increased kinetin contents.
The TDM and HEX treatments increased the levels of AA (Figure 5a ), GSH (Figure 5b) , and α-toc (Figure 5c ) in the leaves and tubers of yam. AA is an important component of the plant antioxidant system ( Jaleel et al. 2007j) . AA is one of the major soluble antioxidants in chloroplasts (c) (Jaleel et al. 2007m) . AA also has photo-protective function because of its antioxidant capacity. Triazoles increased the levels of antioxidants like AA and protected the membrane by preventing or reducing oxidative damage (Jaleel et al. 2008b) . Glutathione has been shown to regulate the expression of genes whose products are involved in redox regulation and stress tolerance enhancement ( Jaleel et al. 2007l) . α-Toc is the most abundant form of antioxidants in nature (Jaleel et al. 2007n) . α-Toc has antioxidant, cell signaling, and vitamin E functions. It acts as a chain breaking antioxidant, preventing the propagation of free radical reactions ( Jaleel et al. 2007o) . The increase in α-toc level in the triazole treated yam can increase the antioxidant potential in the leaves and tuber tissues. Enhanced GSH levels along with the interaction of AA and tocopherol may increase the oxidative stress tolerance resulting from triazole treatments in yam. Therefore, based on the present results, it can be concluded that the triazole compounds like HEX and TDM could be used for increasing the yield and tuber quality of yam plants under cultivation.
